In this study, electroless-plating of a nickel-phosphor (Ni-P) thin film on surface-controlled thermoelectric elements was developed to significantly increase the bonding strength between Bi-Te materials and copper (Cu) electrodes in thermoelectric modules. Without electroless Ni-P plating, the effect of surface roughness on the bonding strength was negligible. Brittle SnTe intermetallic compounds were formed at the bonding interface of the thermoelectric elements and defects such as pores were generated at the bonding interface owing to poor wettability with the solder. However, defects were not present at the bonding interface of the specimen subjected to electroless Ni-P plating, and the electroless Ni-P plating layer acted as a diffusion barrier toward Sn and Te. The bonding strength was higher when the specimen was subjected to Ni-P plating compared with that without Ni-P plating, and it improved with increasing surface roughness. As electroless Ni-P plating improved the wettability with molten solder, the increase in bonding strength was attributed to the formation of a thicker solder reaction layer below the bonding interface owing to an increase in the bonding interface with the solder at higher surface roughness.
Introduction
Owing to their high performance at temperatures below 200 • C, Bi-Te-based thermoelectric materials have been widely applied for active cooling using the Peltier effect and for power generation using the Seebeck effect [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The thermoelectric phenomena can be realized by fabricating thermoelectric devices/modules in which several tens to hundreds of n-type and p-type rectangular thermoelectric elements are electrically bonded in series on top of a copper electrode formed on the ceramic substrate [12] . Thus, for practical applications, the reduction of bonding failure has become crucial for achieving reliable thermoelectric performance of these modules.
In general, solder materials using Sn-Ag-Cu-based alloy, which has a melting temperature of approximately 220 • C, have been widely used for bonding Bi-Te-based thermoelectric elements and copper electrodes. However, Sn-based solder and Te materials generate brittle Sn-Te-based intermetallic compounds at a temperature of approximately 250 • C [13] [14] [15] [16] [17] . Many studies have reported that these Sn-Te-based intermetallic compounds deteriorate the bonding strength of thermoelectric modules [12] [13] [14] [15] [16] . To improve bonding strength, a diffusion barrier between the thermoelectric element and solder is required.
The most widely applied methods are the deposition of a Ni or Ni alloy layer on the surface of the thermoelectric element [18] [19] [20] [21] [22] . That is, an Ni or Ni alloy acting as a diffusion barrier is incorporated by electroplating, electroless plating, physical vapor deposition (PVD), or the thermal spraying process. Among these methods, electroless Ni-P plating is promising, owing to its low cost and good processability in a uniform plating layer on the surface of the thermoelectric element via a simple dipping process. However, there are theoretical difficulties in achieving good adhesion because of the absence of chemical bonding between the Bi-Te-based alloys and the Ni-P layer.
In this study, to improve the adhesion between the thermoelectric element and the plating layer, we introduced a rough interface via mechanical treatment such as sand blasting to utilize the anchoring effect [23] . The surface roughness of the Bi-Te-based thermoelectric element was controlled via the sand-blasting method using alumina powder. Furthermore, the influence of Ni-P plated Bi-Te elements on the bonding strength of the thermoelectric module was investigated by changing surface roughness. Subsequently, cross-sectional observations at the interface and the measurement of the contact angle with the solder were carried out to determine the factors affecting the bonding strength.
Experimental Methods
Commercial n-type (Bi 2 Te 2.7 Se 0.3 ) and p-type (Bi 0.5 Sb 1.5 Te 3 ) Bi-Te alloy ingots (Daeyang Co., Ltd., Daegu, Korea) were crushed, and spark plasma sintering was used to prepare a sintered thermoelectric specimen. The sintered thermoelectric specimen was cut into a disk shape with a thickness of 3 mm via electric discharge machining. Three kinds of commercial-grade Al 2 O 3 powders-#80 (mean particles size: 177 µm), #200 (mean particles size: 74 µm), and #400 (mean particles size: 37 µm)-were sprayed onto the disk surface using the sand blasting method to prepare thermoelectric elements with different surface roughness characteristics.
For electroless Ni-P plating pretreatment, the surfaces of the thermoelectric elements were etched via immersion in NaOH solution at 25 • C for 60 s, followed by immersion in a commercial Pd catalyst solution (ATOTECH, Adhemax Activator SF, Berlin, Germany) at 25 • C for 60 s to generate a Pd nucleation seed. Subsequently, the substrate was immersed in a commercial electroless Ni-P plating solution (YoungIn Plachem Co., Ltd., ENF, Ansan, Korea) at 88 • C for 20 min to produce a Ni-P plating layer approximately 3 µm thick on the surface of the Bi-Te-based thermoelectric element.
Subsequently, the disk-shaped thermoelectric element was cut into 3 × 3 × 3 mm 3 blocks via a wire cutting method. The thermoelectric module was manufactured by bonding the blocks and a Cu electrode produced on alumina ceramic using Sn-3.0 wt.% Ag-0.5 wt.% Cu alloy solder paste at 260 • C for 6 min. The bonding strength of the thermoelectric module was analyzed by measuring the maximum shear load at breaking using a ball-shear tester (Nordson Corporation, Dage 4000, Westlake, OH, USA). The bonding strength of the thermoelectric module was measured five times and an average value was calculated.
The surface roughness of the thermoelectric element after sand blasting was measured using a laser scanning confocal microscope (LSM700, Carl Zeiss, Oberkochen, Germany) and the bonding interface of the thermoelectric module was observed using a field-emission electron probe microanalyzer (FE-EPMA, JEOL, JXA8530F, Tokyo, Japan). Furthermore, the effect of electroless Ni-P plating layer on the spreadability of the Sn-Ag-Cu-based solder was investigated. Sn-3.0 wt.% Ag-0.5 wt.% Cu alloy solder balls with diameters of 0.76 mm were placed on the surface of thermoelectric elements and maintained at a temperature of 260 • C for 6 min, similar to the bonding conditions of the thermoelectric module. The contact angle between the solder and surface of the thermoelectric element was measured to analyze the spreadability of the solder. 
Results and Discussion
The surfaces of the 3 × 3 × 3 mm 3 thermoelectric element blocks were observed using a digital microscope after electroless Ni plating and the results are shown in Figure 1 . In the case of the thermoelectric element block prepared without sand blasting, the Ni-P plating layer on the surface was easily delaminated (Figure 1a) . However, delamination of the plating layer on thermoelectric element blocks subjected to sand blasting was not observed, even after cutting with a wire saw (Figure 1b-d) . The surface of the thermoelectric elements became rougher with increasing particle size of the alumina powder. As there was no chemical bonding at the interface between the thermoelectric element and the Ni-P plating layer, the adhesion of the electroless Ni-P plating layer could be secured via the physical surface roughness effect (i.e., the anchor effect) [23] . 
The surfaces of the 3 × 3 × 3 mm 3 thermoelectric element blocks were observed using a digital microscope after electroless Ni plating and the results are shown in Figure 1 . In the case of the thermoelectric element block prepared without sand blasting, the Ni-P plating layer on the surface was easily delaminated (Figure 1a) . However, delamination of the plating layer on thermoelectric element blocks subjected to sand blasting was not observed, even after cutting with a wire saw (Figure 1b-d) . The surface of the thermoelectric elements became rougher with increasing particle size of the alumina powder. As there was no chemical bonding at the interface between the thermoelectric element and the Ni-P plating layer, the adhesion of the electroless Ni-P plating layer could be secured via the physical surface roughness effect (i.e., the anchor effect) [23] . After sand blasting, the surfaces of thermoelectric element blocks subjected to electroless Ni plating were observed using a laser scanning confocal microscope ( Figure 2 ). As shown in LSCM images, defects such as cracks and pores were not present in the electroless Ni-P plating layer, and the plating layer on top of the thermoelectric element surfaces were uniform. Moreover, LSCM images after electroless Ni-P plating confirm that the arithmetic mean value (Ra) of the surface roughness increased with increasing particle size of the alumina powder. This observation shows that the surface roughness of the thermoelectric element could be maintained even after electroless Ni-P plating. After sand blasting, the surfaces of thermoelectric element blocks subjected to electroless Ni plating were observed using a laser scanning confocal microscope ( Figure 2 ). As shown in LSCM images, defects such as cracks and pores were not present in the electroless Ni-P plating layer, and the plating layer on top of the thermoelectric element surfaces were uniform. Moreover, LSCM images after electroless Ni-P plating confirm that the arithmetic mean value (R a ) of the surface roughness increased with increasing particle size of the alumina powder. This observation shows that the surface roughness of the thermoelectric element could be maintained even after electroless Ni-P plating.
The effect of sand blasting and electroless Ni-P plating on the bonding strength of the Bi-Te-based thermoelectric elements is shown in Figure 3 . In the case of the Ni-P-plated specimen prepared without sand blasting, the bonding strength could not be measured as the Ni-P plating layer was easily delaminated. When only sand blasting was applied, the bonding strengths of both the n-type and p-type elements were found to be relatively low, ranging from 4 to 6 MPa. For thermoelectric elements treated with sand blasting (but not Ni-P plating), the bonding strength exhibited no significant change according to the surface roughness. This indicates that the surface roughness of the thermoelectric element has a negligible effect on the bonding strength. However, the bonding strength of the thermoelectric element treated with both sand blasting and Ni-P plating was higher than that of the specimen treated with only sand blasting. Thus, the bonding strength of the thermoelectric module was improved by applying electroless Ni-P plating. In the case of the electroless Ni-plated specimen, the bonding strength of the thermoelectric module improved with increasing surface roughness of the thermoelectric element. The same tendency was observed in both the n-type and p-type elements. The effect of sand blasting and electroless Ni-P plating on the bonding strength of the Bi-Tebased thermoelectric elements is shown in Figure 3 . In the case of the Ni-P-plated specimen prepared without sand blasting, the bonding strength could not be measured as the Ni-P plating layer was easily delaminated. When only sand blasting was applied, the bonding strengths of both the n-type and p-type elements were found to be relatively low, ranging from 4 to 6 MPa. For thermoelectric elements treated with sand blasting (but not Ni-P plating), the bonding strength exhibited no significant change according to the surface roughness. This indicates that the surface roughness of the thermoelectric element has a negligible effect on the bonding strength. However, the bonding strength of the thermoelectric element treated with both sand blasting and Ni-P plating was higher than that of the specimen treated with only sand blasting. Thus, the bonding strength of the thermoelectric module was improved by applying electroless Ni-P plating. In the case of the electroless Ni-plated specimen, the bonding strength of the thermoelectric module improved with increasing surface roughness of the thermoelectric element. The same tendency was observed in both the n-type and p-type elements. The effect of sand blasting and electroless Ni-P plating on the bonding strength of the Bi-Tebased thermoelectric elements is shown in Figure 3 . In the case of the Ni-P-plated specimen prepared without sand blasting, the bonding strength could not be measured as the Ni-P plating layer was easily delaminated. When only sand blasting was applied, the bonding strengths of both the n-type and p-type elements were found to be relatively low, ranging from 4 to 6 MPa. For thermoelectric elements treated with sand blasting (but not Ni-P plating), the bonding strength exhibited no significant change according to the surface roughness. This indicates that the surface roughness of the thermoelectric element has a negligible effect on the bonding strength. However, the bonding strength of the thermoelectric element treated with both sand blasting and Ni-P plating was higher than that of the specimen treated with only sand blasting. Thus, the bonding strength of the thermoelectric module was improved by applying electroless Ni-P plating. In the case of the electroless Ni-plated specimen, the bonding strength of the thermoelectric module improved with increasing surface roughness of the thermoelectric element. The same tendency was observed in both the n-type and p-type elements. Figure 4b shows the detected amount of only Bi element, and Figure 4c shows the detected amount of only Te element. In the BSE image (Figure 4a) , the thermoelectric element and the Sn-Ag-Cu-based solder are bonded, but some pore-like defects exist at the interface. These pores reflect the low spreadability of the molten solder on the surface of the thermoelectric element. Furthermore, the stress applied to the thermoelectric module during the measurement of bonding strength could be concentrated at those defects, resulting in material rupture at low shear stress. As Te Figure 4d ) were almost evenly distributed at the bonding interface, they became interdiffused during the soldering bonding process and SnTe intermetallic compounds were formed. SnTe intermetallic compounds are known to be brittle [13] [14] [15] [16] [17] . Thus, the rupture of the thermoelectric material is attributed to cracks propagating from the SnTe intermetallic compounds.
EPMA at the bonding interface between the solder and n-type thermoelectric element without electroless Ni-P plating. The colors in the FE-EPMA analysis show detection signals about each elements. That is, Figure 4b shows the detected amount of only Bi element, and Figure 4c shows the detected amount of only Te element. In the BSE image (Figure 4a) , the thermoelectric element and the Sn-Ag-Cu-based solder are bonded, but some pore-like defects exist at the interface. These pores reflect the low spreadability of the molten solder on the surface of the thermoelectric element. Furthermore, the stress applied to the thermoelectric module during the measurement of bonding strength could be concentrated at those defects, resulting in material rupture at low shear stress. As Te (Figure 4c) and Sn (i.e., the main component of the solder; Figure 4d ) were almost evenly distributed at the bonding interface, they became interdiffused during the soldering bonding process and SnTe intermetallic compounds were formed. SnTe intermetallic compounds are known to be brittle [13] [14] [15] [16] [17] . Thus, the rupture of the thermoelectric material is attributed to cracks propagating from the SnTe intermetallic compounds. The cross-sectional observation and component analysis performed using FE-EPMA at the bonding interface between the solder and n-type thermoelectric element with electroless Ni-P plating are shown in Figure 5 . No pore-like defects were observed at the bonding interface of the electroless Ni-P plating specimen. As Ni (Figure 5d ) was detected between the thermoelectric element and solder bonding, the electroless Ni-P plating layer formed with uniform thickness at the bonding interface.
The concentrations of Bi (Figure 5b ) and Te (Figure 5c ) below the electroless Ni-P plating layer were very low, suggesting that the plating layer acted as a diffusion barrier, preventing interdiffusion of the thermoelectric element and solder layer. The higher Cu concentrations and lower Sn concentrations observed below the electroless Ni-P plating layer as compared with those of the surroundings indicate the formation of Cu-Sn-based intermetallic compounds. Our FE-EPMA observations of the bonding interface of the p-type thermoelectric modules are consistent with previous studies, which concluded that Cu-Sn-based intermetallic compounds exist in the The cross-sectional observation and component analysis performed using FE-EPMA at the bonding interface between the solder and n-type thermoelectric element with electroless Ni-P plating are shown in Figure 5 . No pore-like defects were observed at the bonding interface of the electroless Ni-P plating specimen. As Ni (Figure 5d ) was detected between the thermoelectric element and solder bonding, the electroless Ni-P plating layer formed with uniform thickness at the bonding interface.
The concentrations of Bi ( Figure 5b ) and Te (Figure 5c ) below the electroless Ni-P plating layer were very low, suggesting that the plating layer acted as a diffusion barrier, preventing interdiffusion of the thermoelectric element and solder layer. The higher Cu concentrations and lower Sn concentrations observed below the electroless Ni-P plating layer as compared with those of the surroundings indicate the formation of Cu-Sn-based intermetallic compounds. Our FE-EPMA observations of the bonding interface of the p-type thermoelectric modules are consistent with previous studies, which concluded that Cu-Sn-based intermetallic compounds exist in the form of Cu 3 Sn and Cu 6 Sn 5 [23] [24] [25] [26] , and that they prevent interdiffusion between the Ni-P plating layer and Sn.
A Sn-Ag-Cu solder ball with a diameter of 0.76 mm was melted at 260 • C for 6 min and the cross-sectional view is shown in Figure 6 . For the specimen subjected to electroless Ni-P plating, the height of the solder ball was lower than that of the specimen without electroless Ni-P plating, indicating better spreadability. The contact angle between the surface of the thermoelectric element and the solder ball also decreased from 146 • to 60 • for electroless Ni-P plating. This shows that the wettability of the surface of the electroless Ni-P plating layer with the solder was better than that of the surface of the thermoelectric element alone. This is because Ni has a higher diffusion rate to the form of Cu3Sn and Cu6Sn5 [23] [24] [25] [26] , and that they prevent interdiffusion between the Ni-P plating layer and Sn. A Sn-Ag-Cu solder ball with a diameter of 0.76 mm was melted at 260 °C for 6 min and the cross-sectional view is shown in Figure 6 . For the specimen subjected to electroless Ni-P plating, the height of the solder ball was lower than that of the specimen without electroless Ni-P plating, indicating better spreadability. The contact angle between the surface of the thermoelectric element and the solder ball also decreased from 146° to 60° for electroless Ni-P plating. This shows that the wettability of the surface of the electroless Ni-P plating layer with the solder was better than that of the surface of the thermoelectric element alone. This is because Ni has a higher diffusion rate to the molten solder layer than does Te, resulting in excellent spreadability and wettability and improved bonding strength as the solder diffusion layer thickens. 
Conclusions
In the present study, the effects of an Ni-P plating layer and surface roughness on the bonding strength of a Bi-Te-based thermoelectric module were investigated. Without electroless Ni-P plating, the effect of surface roughness on the bonding strength was negligible. However, the 
In the present study, the effects of an Ni-P plating layer and surface roughness on the bonding strength of a Bi-Te-based thermoelectric module were investigated. Without electroless Ni-P plating, the effect of surface roughness on the bonding strength was negligible. However, the bonding strength was higher when the specimen was subjected to Ni-P plating compared with that without Ni-P plating, and it improved with increasing surface roughness. Brittle SnTe intermetallic compounds were formed at the bonding interface of the thermoelectric element without electroless plating, and defects such as pores were observed in the vicinity. The electroless Ni-P plating layer acted as an effective diffusion barrier layer, suppressing the formation of brittle SnTe intermetallic compounds via interdiffusion of the thermoelectric element and solder. Thus, no pore-like defects were observed at the interface. As electroless Ni-P plating improved the wettability with molten solder, an increase in bonding strength was attributed to the formation of a thicker solder reaction layer below the bonding interface. In the case of the specimen subjected to electroless Ni-P plating, the bonding strength improved owing to the increase in the bonding interface with the solder at higher surface roughness. 
